Abstract: Even though gene repression is apowerfulapproach to exogenously regulate cellular behavior,d eveloping ap latform to effectively repress targeted genes,e specially for stemcell applications,remains elusive.Herein, we introduce ananomaterial-based platform that is capable of mimicking the function of transcription repressor proteins to downregulate gene expression at the transcriptional level for enhancing stemcell differentiation. We developed the "NanoScript" platform by integrating multiple gene repression molecules with ananoparticle.F irst, we show ap roof-of-concept demonstration using aG FP-specific NanoScript to knockdownG FP expression in neural stem cells (NSCs-GFP). Then, we showt hat aS ox9-specific NanoScript can repress Sox9 expression to initiate enhanced differentiation of NSCs into functional neurons.Overall, the tunable properties and gene-knockdown capabilities of NanoScript enables its utilization for generepression applications in stem cell biology.
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Stem-cell differentiation and cellular reprogramming is fundamentally regulated through ap rocess known as gene regulation. [1] Gene regulation is an inherent cellular mechanism through which gene expression is either increased or decreased, and this has ad irect impact on cellular behavior, such as proliferation, migration, and differentiation. [2] There are two types of gene regulation:1 )gene activation, which refers to an increase in the expression levels of at argeted gene,and 2) gene repression, which refers to adecrease in the expression levels of targeted genes. [3] Gene regulation is intrinsically regulated by proteins called transcription factors (TFs), which function by binding to specific gene sequences,t hereby controlling the initiation of transcription of genetic information. [4] Once TFs bind to their target gene,t he gene can either be activated or repressed, depending on which domains are present on the TFs.Atypical TF contains three fundamental domains:1 )a DNA-binding domain (DBD) which is sequence-specific and binds to target sequences,2)anuclear localization domain to enable the TF proteins entry inside the nucleus,and 3) either an activation domain or ar epression domain (RD). If an activation domain is present on the TF,then the targeted gene will be transcribed and gene expression will be upregulated; [5] and if aRDispresent on the TF,then the target gene will be repressed and gene expression will be downregulated. [6] We recently developed an anomaterial-based platform called "NanoScript", which was designed to mimic the fundamental structure and function of TF activator proteins. [7] NanoScript was designed by attaching specific small molecules to an anoparticle.T hese small molecules emulate the function of individual domains on TF proteins,a nd when multiple small molecules are assembled together on as ingle nanoparticle,t he resulting NanoScript platform can mimic the function and structure of natural TF proteins.NanoScript is ap latform with interchangeable components that can be modified depending on the desired application. Our previous NanoScript included as eries of small molecules to mimic asubset of TF activator proteins.However,even though there are reports of small-molecule-based approaches for transcriptional gene knockdown in in vitro systems, [8] there have been no reports to either demonstrate NanoScripts capability to mimic TF repressor proteins or to develop an anomaterialbased platform that can effectively repress genes at the transcriptional level. We speculate that by modifying our NanoScript platform with repression-specific small molecules, we can design NanoScript to mimic transcriptional repressor proteins for effectively downregulating genes to induce stemcell differentiation.
Herein, we developed the NanoScript platform to effectively mimic the fundamental structure and gene-silencing function of TF repressor proteins.T oemulate the function of each domain on natural TF repressor proteins,N anoScript was constructed by assembling multiple gene repression molecules,w hich function to inhibit and block the recruitment of factors to the DNAb inding site to prevent gene expression, together on am ultifunctional nanoparticle (Figure 1a,b) . We performed ap roof-of-concept experiment by successfully repressing endogenous expression of green fluorescence protein (GFP) in neural stem cells.M oreover, NanoScript was utilized to repress the neuro-specific gene Sox9 in neural stem cells which induced their differentiation into neurons (Figure 1c ). Thep rimary advantage of our multifunctional NanoScript platform over conventional approaches is its ability to tether multiple repressor molecules,w hich function through different mechanisms,o n as ingle nanoparticle to synergistically repress gene expression.
TheNanoScript platform was functionalized with multiple molecules to emulate the function and structure TF repressor proteins.T he first component of NanoScript is the hairpin polyamide molecule,s pecific for the GFP and Sox9 genes. Theh airpin polyamide is as mall molecule comprising the pyrrole (Py) and imidazole (Im) groups which binds to A-T and G-C base pairs on the DNArespectively with nanomolar affinity. [9] Theb inding of the hairpin polyamide to the DNA sterically hinders the attachment of enzymes such as RNA Polymerase II, to the binding site,which in turn, prevents the gene from being transcribed.
[8b] TheGFP promoter sequence was obtained from the same company from which GFPlabeled rat neural stem cells (rNSCs) were purchased (Figure S1 in the Supporting Information). Ah airpin polyamide with asequence of PyPyPy-b-PyPyIm-g-PyPyPy-b-PyImPy-bDp-NH2 (g is g-aminobutyric acid, b is b-alanine,a nd Dp is dimethylaminopropylamide) that targets the GFP promoter was synthesized using ap reviously established solid-phase synthesis route ( Figure S2a ).
[7a] An in vitro binding assay study was performed using surface plasmon resonance (SPR) and revealed ahigh nanomolar binding affinity ( Figure S2b ). Moreover,w es ynthesized aS ox9-specific hairpin polyamide with as equence of PyPyPy-b-PyImPy-g-PyPyPy-b-PyImImb-Dp-NH2 that also showed nanomolar binding affinity to its target sequence ( Figure S3 ). [10] Thes econd molecule is the corepressor peptide with as equence of WRPW.T he WRPW peptide was specifically chosen because:1 )ith as been demonstrated to induce gene repression by preventing the formation of the basal transcriptional machinery at the binding site,2 )iti nduces repression of genes by the Groucho family proteins,w hich have been demonstrated to play ar ole in neurogenesis,a nd 3) it is ashort tetrapeptide with only 4amino acids,and hence it is readily soluble in physiological environments. [11] Thethird molecule is the membrane penetrating peptide (MPP) which has been previously demonstrated to effectively shuttle nanoparticles across the plasma and nuclear membrane. [12] These small molecules (hairpin polyamide,W RPW peptide,a nd MPP) were conjugated to poly(ethylene glycol) (PEG)-based linker molecules to enhance their solubility, with the PEG linker having with at hiol terminus to enable functionalization onto the magnetic core-shell nanoparticles (MCNPs). [13] MCNPs were chosen because of their high biocompatibility,i nert properties,a bility to induce magnetofection by placing am agnet underneath the culture plate to attract MCNP onto the cell surface,and their multifunctional gold surface which enables the attachment of multiple molecules to asingle nanoparticle. [14] After the nanoparticles were functionalized with the PEG-terminated small molecules (refer to methods in the Supporting Information for details), the resulting platform was termed NanoScript (Figure 2a) . Using acombination of dynamic light scattering and transmission electron microscopy,w ef ound the size of the MCNP to be 17.3 nm ( Figure S4 ), and after functionalization, the size of both NanoScript-GFP and NanoScript-Sox9 was found to be about 45 nm (Figure 2b ). Through UV/Vis absorption spectroscopy,w eo bserved as hift in the plasmon resonance which is indicative of surface functionalization ( Figure S5 ). Based on previous studies which show that there are approximately 4.3 ligands/nm 2 ,w ep redict that there are approximately 3902 ligands on the nanoparticle. [15] Moreover, the monodispersity of NanoScript was confirmed through transmission electron microscopy,w hich showed wellrounded and monodispersed sizes (Figure 2c ). Furthermore, we tested if NanoScript can localize within the nucleus by labeling NanoScript with an Alexa Fluor 568 dye and transfecting them into rat neural stem cells (rNSCs). After 24 h, we performed fluorescence imaging and NanoScript was detected within the nucleus (Figure 2d,F igure S6) . We also performed transmission electron microscopy on cellular cross-sections and found that NanoScript was distributed in the nucleus and cytoplasm ( Figure S7 ). Moreover,w ep erformed inductively coupled plasma optical emission spec- trometry (ICP-OES) and observed that NanoScript was uptaken inside the cells ( Figure S8 ).
To test if NanoScript can repress gene expression, we performed ap roof-of-concept demonstration using aG FPspecific NanoScript (termed NanoScript-GFP) on GFPlabeled rNSCs.T hese GFP-labeled rNSCs intrinsically express GFP,a nd its expression can easily be detected through fluorescence imaging. [16] Hence,w ec an evaluate the gene repression capability of NanoScript-GFP by observing GFP knockdown in rNSCs (Figure 3a) . Ther NSCs were transfected with NanoScript-GFP and expression of GFP was evaluated at different times by using fluorescence imaging. During the transfection, amagnet was placed underneath the culture plate for 15 min to induce magnetically-facilitated delivery,w hich is at echnique to attract NanoScript onto the cellular surface,inasimilar manner as reported elsewhere.
[14b]
After 4days,t he GFP expression was significantly repressed compared to the control;a nd control conditions which included unconjugated GFP polyamide,u nconjugated WRPW peptide,n anoparticle with WRPW (MCNP-WRPW), and nanoparticle with GFP polyamide only (MCNP-GFP), showed decreased GFP knockdown (Figure 3b) . In the control conditions,a ttachment of either WRPW or GFP polyamide to the nanoparticle increased GFP knockdown compared to unconjugated WRPW or GFP polyamide.T he same nanoparticle core was used for each condition. Moreover,t he MPP was shown to have almost no direct influence on GFP knockdown ( Figure S9 ). Thei ntensity of GFP fluorescence expression in the images of all the conditions was quantified, and these results not only confirmed the trend observed in the fluorescence images,b ut revealed at ime-dependent increase of GFP knockdown (Figure 3c ). Finally,w et ested GFP mRNAl evels using qPCR and observed as imilar trend of decreasing GFP expression using NanoScript ( Figure S10 ). Collectively,these results suggest that NanoScript-GFP can not only repress endogenous expression of GFP,but also that the cooperative function of the polyamide and WRPW on the same nanoparticle enhances gene knockdown.
Although this proof-of-concept demonstration indicates that NanoScript can repress gene expression, the real challenge and central goal is to translate the NanoScriptbased gene repression approach for stem-cell differentiation. To this end, the Sox9 gene has been identified as ac ritical gene to regulate neuronal differentiation in stem cells.Studies have shown that repression of Sox9 in neural stem cells initiates ap athway to guide their differentiation into neurons. [16, 17] Hence,w ed eveloped a Sox9-specific NanoScript (termed "NanoScript-Sox9"), and we predict that if NanoScript-Sox9 can effectively repress Sox9 in human neural stem cells (hNSCs), enhanced differentiation into neurons can be observed (Figure 4a) .
To test this,w et ransfected NanoScript-Sox9 into hNSCs (see methods in Supporting Information) and then we 
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Chemie evaluated the expression of neuronal markers through qPCR and immunocytochemistry.S pecifically,t he expression of Tuj1 was evaluated because it is ap rominent marker for neurons. [18] We predict that the suppression of Sox9 by NanoScript-Sox9 should lead to enhanced neuronal differentiation, and hence,anincrease in Tuj1 expression. We fixed and stained for Tuj1 on Day 5, and the resulting fluorescence images indicated agreater expression of Tuj1 compared to the control (Figure 4b ). This was further confirmed by testing gene expression through qPCR, wherein the expression levels induced by NanoScript-Sox9 showed ad ecrease of Sox9 expression by 63 %and a5.7-fold increase in Tuj1 expression compared to the control (Figure 4c ). Theexpression levels of other control conditions (nanoparticle with WPRWa nd nanoparticle with Sox9 polyamide) were also able to induce Sox9 repression and Tuj1 expression, but not as strongly as the NanoScript-Sox9 conditions (Figure 4c ). Thee xpression levels of additional control experiments including unconjugated Sox9 polyamide and WRPW showed minimal changes as compared to the control ( Figure S11 ). Expression of Sox9 protein levels was further evaluated using immunostaining which revealed asimilar decreasing trend in the NanoScriptSox9 condition ( Figure S12 ). Moreover,b yp erforming scanning electron microscopy (SEM), we were able to visualize neurons in high resolution ( Figure S13 ). Thehigh level of cell survival was confirmed with acell viability assay ( Figure S14 ).
To evaluate if the induced neurons have spontaneous neuronal activity,w em onitored changes in intracellular calcium levels.F unctionally active neurons spontaneously fire action potentials that allow the influx of cations including calcium. [19] Using ac ommercially available calcium indicator dye,F luo4, changes in intracellular calcium concentrations were visualized and its fluorescence intensity was quantified. After 7days post-transfection, we performed calcium imaging using Fluo4 and observed changes in fluorescence levels in the induced neurons (Figure 4d ,V ideo S1). Furthermore,w e quantified the fluorescence changes and observed spontaneous fluctuations of calcium ions in the active neuron over a6 0second period while the control inactive neuron did not show any changes in fluorescence (Figure 4e ). These results suggest that the induced neurons show functional activity.
In summary,the overall goal of introducing atunable and efficient platform that can mimic transcription factor repressor proteins for effectively repressing genes to induce stem-cell differentiation was achieved. As aresult, this is the first demonstration of utilizing an anomaterial-based platform for emulating the function of transcription factor repressor proteins to downregulate gene expression at the transcriptional level for inducing stem-cell differentiation. We developed the NanoScript platform by functionalizing ananoparticle with multiple gene repression molecules,s uch as gene-specific polyamides and the WRPW peptide.The results highlight the versatility and tunability of the NanoScript platform.
Furthermore,the results from both demonstrations (GFP knockdown and Sox9 repression) suggest that the synergistic effect of the polyamide and WRPW peptide on the NanoScript is needed for enhanced gene repression. One hypoth- esis for this result is that the two molecules contribute to gene repression through different mechanisms.P revious mechanistic studies have shown that the binding of the polyamide to the target DNAs equence sterically occludes factors such as RNAp olymerase II for assembling on the DNA;
[8b] and the WRPW peptide initiates the Groucho family proteins which are well-established corepressor factors that prevents the formation of the transcriptional basal complex.
[11b] By assembling both molecules on the NanoScript, we not only synergistically enhance gene repression, but enable NanoScript to more closely mimic the structure of transcription factor repressor proteins.
While NanoScript does not completely knockdown GFP, its knockdown level is comparable to other nanomaterialbased methods that regulate GFP knockdown at the translational level. [16] Other methods for inducing neuronal differentiation, such as viral vectors,s mall molecules,a nd nanomaterial-based platforms have been developed, [16, 18, 20] but because of NanoScript'su nique features including its nonviral gene regulation and interchangeable components,weare further investigating to optimize and evaluate NanoScript against current methods.Furthermore,previous studies have shown that the extracellular matrix (ECM) plays ar ole in inducing neuronal differentiation, [21] and so,t he effect of ECM on assisting in NanoScript-based differentiation may require further investigation. Thus far, the current NanoScript platform is primarily applicable for gene regulation in adherent cells,b ut when NanoScript was evaluated for gene regulation in hNSCs cultured in suspension, we observed knockdown of the Sox9 gene ( Figure S15 );h owever, we are further optimizing and investigating the potential of applying NanoScript for other cell types,s uch as those in suspension.
In conclusion, the introduction of the NanoScript platform as an approach to repress gene expression will significantly influence the field of stem-cell biology.F irst, because NanoScript regulates gene repression in anon-viral manner, it can be acandidate for stem-cell-based research and potential therapies.S econd, the high cell viability of NanoScripttransfected rat and human NSCs ensures the potential applicability of NanoScript for other stem-cells lines.T hird, by simply redesigning the polyamide sequence to complement atargeted gene,i tisp ossible to modify NanoScript to target and repress almost any gene of interest. We are confident that the versatility,effectiveness,and tunable properties of NanoScript will give scientists an ew tool for gene-regulating applications,s uch as stem cell biology and cellular reprogramming.
